Introduction
Anxiety is a physiological, protective response to real or potential threats. Excessive anxiety is a feature of several affective disorders and has a lifetime prevalence as high as 25% in the United States (1) . Current evidence indicates that genetic factors regulate anxiety. Human studies have detected associations between panic disorder and polymorphisms in genes for MAO-A (2), the adenosine A2a receptor (3) , and cholecystokinin (4, 5) . Physiological anxiety appears to be a polygenic trait, and recent analysis of high-and low-activity strains of mice has identified quantitative trait loci on chromosomes 1, 4, 7, 12, 14, 15, 18 , and X that influence anxiety-like behaviors (6) . Moreover, several single gene mutations alter anxiety-like behavior in mice, including null mutations in the corticotropin-releasing factor (CRF) receptor-1 (7, 8) , the glucocorticoid receptor (9) , the α subunit of calcium/calmodulin-dependent protein kinase II (10) , and protein kinase Cγ (PKCγ) (11) , which all reduce anxiety-related behaviors. In contrast, null mutations in glutamate decarboxylase (GAD) 65 (12) , which synthesizes gamma aminobutyrate (GABA), the GABA type A (GABA A ) receptor γ2 subunit (13) , CRF receptor-2 (14, 15) , and the serotonin 5-HT 1A receptor (16) (17) (18) increase anxiety-like behavior in mice.
Most drugs used to treat anxiety act at GABA A or serotonin receptors (19) . Using PKCε-null mice, we found evidence indicating that PKCε regulates the function of GABA A receptors. These mice are similar in length and weight to wild-type littermates, behave normally in their home cage, and show no compensatory changes in the abundance of other PKC isozymes in the nervous system (20, 21) . They show reduced ethanol preference and operant self-administration of ethanol (20, 22) in association with heightened sensitivity to the locomotor-activating effects of ethanol and diazepam and to the hypnotic actions of pentobarbital, ethanol, and diazepam, which are positive allosteric modulators of GABA A receptors (20) . This is associated with increased sensitivity to the actions of ethanol Mice lacking protein kinase Cε (PKCε) are supersensitive to positive allosteric modulators of gamma aminobutyrate type A (GABA A ) receptors. Since many of these compounds are anxiolytic, we examined whether anxiety-like behavior is altered in these mice. PKCε-null mice showed reduced anxietylike behavior and reduced levels of the stress hormones corticosterone and adrenocorticotrophic hormone (ACTH). This was associated with increased sensitivity to neurosteroid modulators of GABA A receptors. Treatment of PKCε-null mice with the GABA A receptor antagonist bicuculline restored corticosterone levels and anxiety-like behavior to wild-type levels. These results suggest that increased GABA A receptor sensitivity to neurosteroids contributes to reduced anxiety-like behavior and stress hormone responses in PKCε-null mice. The findings also suggest PKCε as a possible therapeutic target for development of anxiolytics.
and flunitrazepam on GABA A receptor function in vitro. Since drugs that activate GABA A receptors reduce anxiety, we predicted that PKCε-null mice would show reduced anxiety-like behaviors. Here we report that absence of PKCε reduces anxiety-like behaviors and stress responses by enhancing GABA A receptor function in the CNS. This involves, in part, heightened sensitivity to the positive allosteric action of endogenous neurosteroids at GABA A receptors.
Methods
Materials. (+)-Bicuculline (Sigma-Aldrich, St. Louis, Missouri, USA) was dissolved in 50 µl of glacial acetic acid, diluted in saline to pH 3.0, and administered to mice at 10 ml/kg body weight. Vehicle-treated mice received an equal volume of acidified saline. Alphaxalone was purchased from ICN Biomedicals Inc. (Aurora, Ohio, USA), and allopregnanolone, pregnanolone, CRF, and metyrapone were from SigmaAldrich. Alphaxaolone, allopregnanolone, pregnanolone, and metyrapone were prepared as 10-mM stock solutions in DMSO. All drugs were administered by intraperitoneal injection.
Animal care. PKCε-null mice were derived by homologous recombination in J1 embryonic stem cells (21) . F 1 generation hybrid C57Bl/6J × 129SvJae heterozygous progeny were intercrossed to generate F 2 generation hybrid wild-type and PKCε-null littermates for study. In early work, some studies were performed using F 3 and F 4 generation hybrid mice, produced by intercrossing C57Bl/6J × 129SvJae heterozygous mice from the previous generation. The results obtained were similar to those obtained with F 2 hybrid mice and therefore were pooled with F 2 hybrid data. Chimeras were also crossed with 129SvJae mice to generate inbred 129SvJae wildtype and PKCε-null littermates for some experiments. For behavioral and stress hormone studies, 10-to 12-week-old mice were maintained under a 12-hour light/dark cycle (lights on at 6 a.m.) and were individually housed for 4 days prior to study. Behaviors were examined during the light phase between 10 a.m. and 1 p.m. For in vitro studies of GABA A receptor function, we used group-housed male and female mice. Unless otherwise designated, we used mice of both genders for studies. The experimental mice were fed standard lab chow ad libitum. The Institutional Animal Care and Use Committees of the University of California, San Francisco and the Ernest Gallo Clinic and Research Center approved all experimental procedures.
Open-field testing. Spontaneous locomotor activity was measured in brightly lit (500 lux) chambers (43 × 43 cm) as described (21) . For assessment of activity in the center of the field, the chamber floor was divided post hoc into a center zone (21 × 21 cm; center equidistant from all four walls of the chamber) and a periphery zone (the remaining area of the floor). Distance traveled and time spent in each area was calculated from the locomotor activity data. After each test session, the equipment was cleaned with 70% ethanol to remove animal odors.
Elevated plus maze. Mice were examined in a quiet room under normal fluorescent room light (500 lux). Two different mazes were used. The first, used in Figure 2 , was elevated 60 cm off the floor, constructed of wood coated with gloss enamel white paint, and had two open arms (37L × 8W cm) and two closed arms (37L × 8W × 14H cm) extending from a common central platform (8 cm × 8 cm). White tape was placed on the floor to provide traction. An observer blind to the genotype of the mouse placed it on the central platform and allowed it to wander for 10 minutes. The observer remained in the room during the test. The x and y coordinates of the center of the mouse were continuously monitored (30 Hz) in the maze using a videotracking system (Videomex-V; Columbus Instruments, Columbus, Ohio, USA). Following each session, the maze was cleaned with 70% ethanol to remove odors. Studies described in Figure 6 were performed using this maze and another maze constructed of Plexiglas (Hamilton-Kinder LLC, Poway, California, USA). This second maze consisted of two open arms (38L × 5W cm) and two closed arms (38L × 5W × 15H cm), with a central intersection (5 cm × 5 cm) elevated 75 cm above the floor. A Plexiglas rim framed the edges of the open arms. Movement was detected by rows of 48 infrared photobeams interfaced with a computer. An observer blind to the genotype of the mouse placed it on the central platform and allowed it to wander in the maze for 10 minutes. The observer was not present in the room during this time. Results from both mazes were similar and were combined for analysis.
36 Cl uptake assay. Muscimol-stimulated 36 Cl uptake was measured in cortical microsacs as described (20) . Neurosteroids were present during the 5-second incubation with muscimol and 36 Cl.
Hormone measurements. Studies were performed between 9 and 11 a.m. Brain allopregnanolone concentrations were measured in mice anesthetized with CO 2 and then decapitated. The brain was rapidly removed, and the forebrain was dissected free, frozen in liquid nitrogen, and stored at -70°C. The concentration of allopregnanolone in the forebrain was measured by RIA (23) . Plasma corticosterone and adrenocorticotrophic hormone (ACTH) were measured before and after restraint stress. For basal levels, mice were anesthetized with CO 2 and then rapidly decapitated. Blood was collected from the trunk. For studies of restraint stress, mice were placed in a plastic restrainer consisting of a smooth tube with a fenestrated stopper at the end. The tube limited the animal's ability to move about, but there was enough space for the mouse to turn around. After being restrained for 10 minutes, mice were anesthetized with CO 2 and decapitated for collection of trunk blood either immediately after removal from the restrainer or 1 hour later. Hormone-stimulation tests were performed on mice individually housed for 3 days before intraperitoneal injection of either CRF (10 µg/kg), metyrapone (100 mg/kg), or an equivalent volume of saline. Thirty minutes after injection, mice were anesthetized with CO 2 and decapitated to collect trunk blood for analysis. Plasma corticosterone and ACTH were measured using 125 I RIA kits from ICN Biomedicals Inc. (Costa Mesa, California, USA).
Immunohistochemistry. An affinity-purified anti-PKCε polyclonal antibody SN134 was generated in rabbits (SynPep Corp., Dublin, California, USA) against the C-terminal mouse PKCε peptide NQEEFKGFSYF-GEDLMP (24) . Mice were perfused with PBS, followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. Brains were removed and postfixed overnight in 4% PFA, equilibrated for 48 hours in 30% sucrose in PBS at 4°C, embedded in OCT (Sakura Finetek, Torrance, California, USA), and frozen in liquid nitrogen. PKCε immunoreactivity was identified in 10-µm frozen sections using SN134 (0.4 µg/ml) followed by detection with biotinylated anti-rabbit IgG and avidin-peroxidase (Vector Laboratories, Burlingame, California, USA).
Loss of the righting reflex. Mice were given an intraperitoneal injection of pregnanolone (32 mg/kg) and placed on their backs. The time interval between loss and return of the righting reflex was then recorded. Animals were judged to have regained the reflex when they could right themselves three times within a 30-second interval.
Results
Reduced anxiety-like behaviors in PKC-null mice. Since mice have a natural aversion to the brightly lit center of an open field, comparison of activity in the center versus the periphery of the field gives an indication of anxietyrelated behavior (25) . Since three-factor ANOVA revealed no significant difference in activity as a function of gender or a gender by genotype interaction, we combined data from male and female mice. Activity did not vary by genotype in the periphery or total areas of the field (Figure 1, b and c) . However, PKCε-null mice traveled more in the center than wild-type mice on days 1 and 2 ( Figure 1a) . Moreover, the percentages of total distance traveled and total time spent in the center were significantly greater in PKCε-null mice compared with wild-type littermates ( Figure 1, d and e) .
We next performed an elevated plus maze test, which exploits the conflict between exploration of a novel area and aversion to open areas and height. We used inbred 129SvJae mice in addition to hybrid C57BL/6J × 129SvJae mice to determine if decreases in anxiety-like behavior could be observed on a different genetic background. Hybrid PKCε-null mice spent a greater percentage of time in the open arms and showed a greater percentage of entries into the open
Figure 1
Open-field activity. Data are mean ± SEM values from 19 wild-type and 20 PKCε-null hybrid mice. (a) Locomotor activity in the center varied as a function of genotype (F 1,38 = 5.1, P < 0.05) and test day (F 2,64 = 26, P < 0.001) (two-way repeated measures ANOVA). *P < 0.05 compared with wild-type mice on the same day (Tukey's test). Activity also varied by test day in the periphery (b) (F 2,64 = 37.2, P < 0.001) and total field (c) (F 2,64 = 38.6, P < 0.001), but not by genotype in these areas. Activity on days 2 and 3 was different from that on day 1 regardless of genotype or area (Tukey's test, P < 0.05). (d) The percentage of total distance traveled in the center varied by genotype (F 1,38 = 5.7, P = 0.022) and test day (F 2,64 = 12.7, P < 0.001) and was less on days 2 and 3 compared with day 1 (Tukey's test, P < 0.05). (e) The percentage of time spent in the center varied by genotype (F 1,38 = 8.1, P = 0.007) and test day (F 2,64 = 5.8, P = 0.005), and was less on day 3 compared with day 1 (Tukey's test P < 0.05). *P < 0.05 compared with wild-type mice on the same day (Tukey's test). arms compared with wild-type littermates (Figure 2a) . There was no difference in the number of entries into the closed arms, confirming that overall locomotor activity was similar in both genotypes. Similar genotype-specific differences in open-arm entries and time spent in the open arms were apparent in inbred 129SvJae mice (Figure 2b) .
Reduced stress responses in PKCε-null mice. Since our findings indicated reduced anxiety-like behavior in PKCε-null mice, we postulated that these mice would also show a reduced response to stress. To assess the intensity of response to stressors, we measured plasma levels of the stress hormones corticosterone and ACTH.
Baseline levels of these hormones were lower in PKCε-null mice compared with wild-type mice (Figure 3, a  and b ). Immediately after a 10-minute period of restraint, corticosterone levels increased in both genotypes, but were still lower in PKCε-null mice ( Figure  3a) . One hour after restraint, levels remained elevated in wild-type mice, whereas in PKCε-null mice they were no longer significantly different than baseline.
Decreased levels of stress hormones could result from reduced pituitary response to the hypothalamic hormones arginine vasopressin (AVP) and CRF, which stimulate secretion of ACTH, or from a reduced adrenal response to ACTH. However, CRF evoked similar levels of ACTH and corticosterone in both genotypes (Figure 3, c and d) . In addition, adrenal weight was similar (P = 0.43) in wild-type (6.06 ± 0.57 mg; n = 15) and PKCε-null (6.15 ± 0.63 mg; n = 12) mice. Since decreased basal levels of corticosterone and ACTH could result from impaired release of CRF and AVP from the paraventricular nucleus of the hypothalamus (PVN), we examined the capacity of the PVN to drive the HPA axis by blocking glucocorticoid-mediated feedback suppression of the PVN with metyrapone, which inhibits adrenal corticosterone synthesis. Metyrapone reduced levels of corticosterone (Figure 3c ) and evoked similar elevations in ACTH in PKCε-null and wild-type mice (Figure 3d) .
PKCε-null mice show increased sensitivity to neurosteroids. GABA A receptors from PKCε-null mice show enhanced sensitivity to the allosteric activators ethanol and flunitrazepam (20) . If reduced anxiety-like behavior in PKCε-null mice is related to increased sensitivity of GABA A receptors to allosteric activators, then there must be an endogenous activator that is more effective in PKCε-null mice. One candidate is the neurosteroid allopregnanolone, a metabolite of progesterone that allosterically enhances the action of GABA at GABA A receptors (26) . Treatment of membranes (microsacs) isolated from frontal cortex of mice with allopregnanolone or the related compound pregnanolone enhanced muscimol-stimulated 36 Cl uptake in both wild-type and PKCε-null mice, but the effect was greater in PKCε-null mice (Figure 4a) . Examination of the concentration-response relationship using a synthetic analogue, alphaxalone, revealed that absence of PKCε was associated with an increase in the maximal effect rather than a change in the ED 50 for the neurosteroid (Figure 4a ). These in vitro results were associated with enhanced sensitivity to the hypnotic effect of pregnanolone as assessed by the duration of the loss of righting reflex (Figure 4c ). They were not associated with a difference in brain allopregnanolone concentration in PKCε-null mice (Figure 4d) .
Bicuculline restores wild-type levels of corticosterone and anxiety-like behavior in PKCε-null mice. The HPA axis is regulated by limbic forebrain circuits that stimulate or inhibit release of CRF and AVP from the PVN (27) . Inhibitory circuits connect with the PVN through GABA-containing neurons in the bed nucleus of the
Figure 3
Stress hormone responses. (a) Mean ± SEM corticosterone levels in hybrid male mice before restraint (basal; n = 23 wild-type, 22 PKCε-null), after 10 minutes of restraint (n = 11 of each genotype), or 1 hour after restraint (n = 6 of each genotype). Two-factor ANOVA showed significant effects of genotype (F 1,73 = 24.03; P < 0.001) and treatment (F 2,73 = 33.44; P < 0.001). *P < 0.05 compared with wildtype levels for each treatment and † P < 0.05 compared with basal levels in same genotype (Tukey's test). (b) Basal ACTH levels were elevated in hybrid male wild-type mice (n = 16) compared with PKCε-null (n = 13) mice (P = 0.012, two-tailed t test). (c) Corticosterone levels in hybrid male mice 30 minutes after intraperitoneal injection (500 µl) of saline, 10 µg/kg CRF, or 100 mg/kg metyrapone. Two-factor ANOVA showed a significant effect of treatment (F 2,76 = 18.5, P < 0.001) but not genotype, with levels higher after CRF and lower after metyrapone than after saline (P < 0.001, Newman Keuls test). *P = 0.026 compared with saline-treated wildtype mice (Newman Keuls test). (d) ACTH levels in hybrid male mice 30 minutes after treatment with saline, CRF, or metyrapone. Twofactor ANOVA revealed an effect of treatment (F 2,62 = 9.81, P < 0.001) but not of genotype with ACTH levels higher after CRF or metyrapone than after saline (P < 0.05, Newman Keuls test). stria terminalis, the preoptic area, and the hypothalamus. Stimulation of these neurons inhibits the HPA axis, presumably through activation of GABA A receptors present on PVN neurons. Since in previous work we found that GABA A receptor responses are enhanced in PKCε-null mice (20), we postulated that the lower levels of corticosterone present following stress in these mice were related to increased GABA-mediated suppression of the HPA axis. To investigate this possibility, we induced stress by injecting mice with saline alone or with saline containing the GABA A receptor antagonist bicuculline (1-2 mg/kg). We chose these concentrations of bicuculline because they are below those reported (6-8 mg/kg) to increase anxiety-like behavior in wild-type mice (28) and are just below the ED 50 (2.28 mg/kg) for inducing convulsions in mice (29) . Following saline injection, corticosterone levels were higher in wild-type mice compared with PKCε-null mice ( Figure  5a ). Bicuculline (1-2 mg/kg) elevated corticosterone in PKCε-null mice to levels observed in wild-type mice, but as expected had little effect on levels in wild-type mice (Figure 5a ). No mice suffered convulsions at these concentrations of bicuculline.
If the reduction in corticosterone levels in PKCε-null mice is related to neurosteroid hypersensitivity, we predicted that injection of allopregnanolone would reduce 36 Cl uptake in the presence of alphaxalone compared with microsacs from hybrid wild-type mice (filled circles). Nonlinear regression analysis revealed an increased maximal response to alphaxalone in PKCε-null mice (409.4 ± 26.5%; n = 4-8) compared with wild-type mice (247.1 ± 26.9%, P = 0.005; n = 4-6), without a difference in log ED 50 values (-6.86 ± 0.14 in PKCε-null and -6.62 ± 0.20 in wild-type mice; P = 0.826). (c) The duration of the pregnanolone-induced loss of the righting reflex (LORR) was greater (P = 0.008; two-tailed unpaired t test) in hybrid male PKCε-null mice (n = 9) compared with wild-type male littermates (n = 8). (d) Total brain levels of alphaxalone were similar in hybrid wild-type (n = 8) and PKCε-null (n = 9) mice.
Figure 5
GABA A receptor regulation of corticosterone in PKCε-null mice. (a) Corticosterone levels measured 30 minutes after injection of saline or bicuculline in hybrid male PKCε-null (open circles; n = 3-7) and wild-type mice (filled circles; n = 4-6). Two-way ANOVA revealed an effect of genotype (F 1,25 = 16.11, P < 0.001) and concentration (F 2,25 = 7.32, P = 0.003) and a significant interaction between these factors (F 2,25 = 3.979, P = 0.032). *P < 0.05 compared with saline-treated wild-type mice and with bicuculline-treated PKCε-null mice (Tukey's test). (b) Corticosterone levels in hybrid male PKCε-null (open circles; n = 6-12) and wild-type mice (filled circles; n = 6-10) after intraperitoneal injection of saline or allopregnanolone followed by 10 minutes of restraint. Two-way ANOVA revealed an effect of genotype (F 1,41 = 4.96, P = 0.032) and concentration (F 2,41 = 5.85, P = 0.006) and a significant interaction between these two factors (F 2,41 = 3.53, P = 0.039). *P < 0.05 compared with saline-treated PKCε-null mice and allopregnanolone-treated wild-type mice (Tukey's test). (c) PKCε-like immunoreactivity in the PVN of wild-type (PKCε +/+ ) and PKCε-null (PKCε -/-) mice. Bar, 100 µm. corticosterone levels, but this effect would be diminished in PKCε-null mice since their GABA A receptors would already be more activated by endogenous allopregnanolone than receptors in wild-type mice. We found that 3-5 mg/kg allopregnanolone administered before restraint stress reduced plasma corticosterone in wild-type mice, whereas in PKCε-null mice it had no effect (Figure 5b ). In vitro, allopregnanolone suppresses CRF release from hypothalamic explants (30) . Therefore, we investigated whether PKCε is expressed in the mouse PVN. Immunohistochemical analysis revealed PKCε-like immunoreactivity in the PVN of wild-type but not of PKCε-null mice (Figure 5c ), consistent with a role for PKCε in regulating neurosteroid sensitivity of the HPA axis at the level of the hypothalamus.
If decreased anxiety-like behavior in PKCε-null mice also results from enhanced activity of GABA A receptors, then we predicted that treatment with a GABA A receptor antagonist would be anxiogenic in these mice at a concentration that would have little effect on anxiety-related behavior in wild-type mice. Using the elevated plus maze, we found that pretreatment with 1. 
Discussion
In this study we found that absence of PKCε is associated with reduced anxiety-like behaviors and decreased levels of stress hormones in mice. Reduced anxiety-like behavior was present in hybrid as well as inbred PKCε-null mice, indicating that despite differences in genetic background, we could still detect an effect of the PKCε-null mutation. This was associated with increased sensitivity of GABA A receptors to neurosteroids. Furthermore, treatment with the GABA A receptor antagonist bicuculline restored levels of stress hormones and anxiety-like behavior in PKCε-null mice to wild-type levels. These results suggest that increased GABA A receptor sensitivity to endogenous positive neurosteroid modulators contributes to reduced anxiety-like behavior and stress hormone responses in PKCε-null mice. These findings also suggest that inhibitors of PKCε might prove useful as anxiolytic drugs.
Although primary pituitary or adrenal insufficiency reduces ACTH and corticosterone levels, our results indicate that neither accounts for reduced levels of stress hormones in PKCε-null mice. For example, we found that restraint increased corticosterone levels threefold in wild-type and sixfold in PKCε-null mice. One hour later, levels still appeared elevated about 2.2-fold in both genotypes, although this was not statistically significant in PKCε-null mice. This suggests that HPA axis function is intact but is consistently downregulated across basal and stress-related conditions in PKCε-null mice. This is supported by the findings that exogenous CRF evoked similar levels of ACTH and corticosterone in wild-type and PKCε-null mice and that adrenal weight was similar in both genotypes. That corticosterone levels were different after saline injection despite similar levels of ACTH is consistent with secondary adrenal insufficiency in PKCε-null mice due to decreased basal stimulation of the HPA axis. Reduced levels of stress hormones in PKCε-null mice are also not due to impaired PVN function because treatment with metyrapone to remove glucocorticoid-mediated feedback inhibition of the PVN evoked similar elevated levels of ACTH and corticosterone in wild-type and PKCε-null littermates. Taken together, these findings indicate that a primary defect in HPA axis function does not account for reduced basal and stress-induced levels of corticosterone in PKCε-null mice.
Reduced levels of stress hormones in these mice could also result from suppression of the HPA axis through enhanced activation of GABA A receptors on PVN neurons by GABA released from neurons projecting to the hypothalamus from other brain regions (27) . In support of this mechanism, we found that treatment with bicuculline restored wild-type levels of corticosterone and anxiety-like behavior in PKCε-null mice, suggesting that reduced levels of stress hormones and anxiety-like behavior in these mice are consequences of enhanced GABA A receptor activity. The fact that allopregnanolone lowered corticosterone levels in wild-type mice, but not in PKCε-null mice, strongly suggests that enhanced neurosteroid activation of GABA A receptors is a major factor reducing stress hormone levels in PKCε-null mice.
One limitation of our studies is that they were conducted using conventional knockout mice, so it is possible that the phenotypes observed are due to a developmental change rather than absence of PKCε in adulthood.
However, we demonstrated previously that exposing GABA A receptors from wild-type mice to the selective PKCε inhibitor peptide, εV1-2, produces allosteric supersensitivity (20) . This indicates that increased GABA A receptor sensitivity to allosteric modulators in PKCε-null mice results from absence of PKCε function in adult neurons and is not likely a consequence of altered nervous system development. Since our findings here demonstrate that enhanced GABA A receptor function is critical for reduced anxiety-like behavior and stress hormone responses in PKCε-null mice, we think it is likely that these phenotypes also result from absence of PKCε function in the adult brain, rather than from altered development. However, proof of this will require studies in which PKCε is eliminated or restored by an inducible system in adult mice.
Our finding that absence of PKCε increases the maximal response to alphaxalone suggests that PKCε regulates the number of neurosteroid-binding sites available on GABA A receptors or increases the coupling of sites to modulation of channel function. We think it more likely to involve coupling of allosteric sites rather than an increase in receptor density because absence of PKCε does not affect behavioral or biochemical responses to direct agonists or alter the binding of the benzodiazepine antagonist Ro 15-1788 to brain membranes (20) . It is also unlikely to involve a change in receptor subunit composition because we found previously that treating microsacs from wild-type mice for 15 minutes with a PKCε inhibitor was sufficient to enhance the GABA A receptor response to flunitrazepam (20) . In addition, transgenic expression of a fragment of PKCε that inhibits its function (31) also enhanced the GABA A receptor response to benzodiazepines in cells that express only α1, β1, and γ2 subunits (T. McMahon and R. Messing, unpublished observations).
PKC has been implicated in regulating the response of GABA A receptors to direct agonists. Phorbol esters (32, 33) or an active catalytic fragment of PKC (PKM) (34) alter receptor activation by GABA or muscimol, and functional studies using site-directed mutagenesis have determined that this modulation is mediated by phosphorylation of specific serine residues on β1, β2, and, γ2 subunits (32) (33) (34) . It is unlikely that these sites are involved in the effect of PKCε because we found that activation of GABA A receptors by the direct agonist muscimol was similar in tissue from wild-type and PKCε-null mice (20) . PKCε may phosphorylate other sites on GABA A receptor subunits or another protein that modulates receptor responses to allosteric activators. Identification of the PKCε substrates involved should provide clues to the mechanism by which PKCε regulates GABA A receptor function.
Absence of another PKC isozyme, PKCγ, is associated with reduced anxiety-like behavior in mice (11) . However, absence of PKCγ is not likely to reduce anxiety through an effect on GABA A receptors because loss of PKCγ selectively reduces GABA A receptor responses to ethanol but does not affect responses to direct agonists or other allosteric drugs (35) . PKCγ has been proposed instead to modulate anxiety through serotonergic pathways (11) . Further work is needed to determine whether PKCε also modulates serotonergic systems that control anxiety and hormonal responses to stress.
